Abstract Legumes are recalcitrant to androgenesis and induction protocols were only recently developed for pea (Pisum sativum L.) and chickpea (Cicer arietinum L.), albeit with low regeneration frequencies. Androgenesis is thought to be mediated through abscisic acid (ABA) but other phytohormones, such as auxins, cytokinins, and gibberellins, have also been implicated. In view of improving induction protocols, the hormone content of pea, chickpea, and lentil anthers was measured after exposure to cold, centrifugation, electroporation, sonication, osmotic shock, or various combinations thereof using an analytical mass spectrometer. Indole-3-acetic acid (IAA) had a key function during the induction process. In pea, high concentrations of IAA-asparagine (IAA-Asp), a putative IAA metabolite, accumulated during the application of the different stresses. In chickpea, the IAA-Asp concentration increased 30-fold compared to pea but only during the osmotic shock treatment and likely as a result of the presence of exogenous IAA in the medium. In contrast, no treatment in lentil (Lens culinaris) invoked such an increase in IAA-Asp content. Of the various cytokinins monitored, only cis zeatin riboside increased after centrifugation and electroporation in pea and possibly chickpea. No bioactive gibberellins were detected in any species investigated, indicating that this hormone group is likely not linked to androgenesis in legumes. In contrast to the other stresses, osmotic shock treatment caused a reduction in the levels of all hormones analyzed, with the exception of IAA-Asp in chickpea. A short period of low hormone content might be a necessary transition phase for androgenesis induction of legumes. Key message Five androgenesis-inducing stress treatments changed content of ABA, auxin and cytokinin in anthers of three legumes. Osmotic shock treatment differed because it reduced hormone content to very low levels.
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Introduction
Androgenesis is the development of plants containing only paternally derived chromosomes. Protocols for the development of double-haploid plants through androgenesis have been published for more than 200 species (Wedzony et al. 2009 ). Legumes are considered recalcitrant, although recent breakthroughs have been made in the development of protocols for pea (Pisum sativum L.) and chickpea (Cicer arietinum L.) (Croser et al. 2006; Grewal et al. 2009; Ochatt et al. 2009 ). A soybean (Glycine max L. Merr.) androgenesis protocol has stalled at the embryo induction stage (Kaltchuk-Santos et al. 1997) and no protocol is available for lentil (Lens culinaris Medik.). In many species, the induction of androgenesis requires the application of abiotic stresses, such as heat, cold, or osmotic shock (Shariatpanahi et al. 2006) . Cold stress alters the division of the microspore nuclei from asymmetrical to symmetrical and this switch has been considered one of the main routes in the formation of haploid cells and embryos (Rashid and Street 1974; Smykal 2000; Zaki and Dickinson 1990) . Cold treatment of plants or floral organs is thought to sustain microspore viability and provide a period of carbohydrate starvation concomitant with an increase in abscisic acid (ABA) levels ( _ Zur et al. 2008) . A 2-to 30-day cold stress of flower buds is important for induction of androgenesis in some French pea varieties, but more than 3 or 4 days of cold stress is detrimental in chickpea Ochatt et al. 2009 ). Osmotic stress is mediated through carbohydrates such as sucrose or maltose; they function as energy sources as well as osmotic regulators and influence both androgenic induction and embryo development (Ferrie et al. 1995; Hoekstra et al. 1993; Lionneton et al. 2001 ). Dunwell and Thurling (1985) observed a beneficial effect of a high level of sucrose on canola (Brassica napus L.) microspores and attributed it to the 17 % sucrose medium generating an osmotic potential similar to that of an anther homogenate. A lower level of sucrose was subsequently required for a sustained level of microspore division (Ferrie et al. 1999; Lionneton et al. 2001) . Similarly, carbohydrate requirements for pea and chickpea required a switch from 17 % to a lower level of sucrose Ochatt et al. 2009 ).
The application of physical stressors, such as centrifugation, electroporation, or sonication, improves the androgenic potential of various species. Centrifugation increases androgenesis induction of cultured anthers in Datura innoxia and in tobacco (Nicotiana tabacum L.) (Sangwan-Norreel 1977; Tanaka 1973) . Similarly, centrifugation positively affects androgenesis induction in chickpea and pea Ochatt et al. 2009 ). Electroporation appears to exert its effect through the introduction of medium components into the cells, although a direct effect of electric pulses on androgenesis cannot be excluded because electric pulses can stimulate protoplast growth and regeneration ability (Rech et al. 1987; Ochatt et al. 1988) . Electroporated microspores develop embryos faster for Gingko biloba L. (Laurain et al. 1993) , canola (Jardinaud et al. 1993) , pea ), and chickpea ). Similar to electroporation, sonication causes microcavity formation and collapse resulting in reversible permeability changes of cell membranes that facilitate the uptake of medium components (Fizzell 1988; Joersbo and Brunstedt 1992) . Sonication at 38 kHz for 30 s enhances androgenetic callusing in pea but only if combined with other stresses (Ribalta et al. 2012) . The key for overcoming androgenetic recalcitrance in pea and chickpea is the pyramiding of multiple stressors, including cold, osmotic shock, centrifugation, electroporation, and sonication Ochatt et al. 2009; Ribalta et al. 2012) . The requirement of three or more stresses is unusual for androgenesis, indicating that the mechanism in legumes is poorly understood.
Triggering embryo development in non-ovum cells is linked to stress, which in turn is linked to changes in endogenous hormone content. Abscisic acid is the 'stress' hormone because it plays a major role in adaptation of plants to adverse conditions (Kikuchi et al. 2006; SeguiSimarro and Nuez 2008; Zavattieri et al. 2010; _ Zur et al. 2008) . However, various other plant hormones are also affected by stress, including auxins (IAA), cytokinins (zeatin), gibberellins (GA), or reactive oxygen species (Maraschin et al. 2005 (Maraschin et al. , 2006 Zavattieri et al. 2010) . Cytokinin concentrations generally decrease in response to stress (Brugiere et al. 2003) , whereas auxin responses vary (Jain and Khurana 2009) . Although gibberellins are not linked to abiotic stress, they prevent the stress response signal pathway from being triggered (Gao et al. 2010) . Interestingly, this pathway is down-regulated by heat and cold stress but up-regulated by salt and drought stress, indicating gibberellins may be affected by some stresses but not others.
Given the need for effective androgenesis protocols in legumes and the evidence supporting the phytohormonal regulation of such a process, we measured the concentrations of ABA, auxins, cytokinins, and gibberellins in anthers of pea, chickpea, and lentil after various stress treatments. We reasoned that ABA and likely auxin concentrations would increase as a result of the different stresses. Furthermore, we expected that pyramiding the different stresses would have an additive effect, as only the combination of the different stresses has been shown to lead to induction and regeneration. Our investigation establishes a baseline for the role of the four hormone classes during androgenesis induction of legumes and also shows that osmotic shock treatment appears to trigger effects different from that of other stresses. 
Materials and methods
Donor plant growth
Flower buds and anthers
Flower clusters of chickpea containing different sizes of buds were picked from cultivar CDC Xena, from which buds ranging from 2.0 to 3.0 mm in length were selected for experiments ). Buds ranging from 6.0 to 8.0 mm in length were collected from pea cultivars CDC April and Frisson ). Flower buds from lentil cultivar CDC Maxim were harvested when 1.5-2.0 mm in length. For cold treatments at 4°C, buds or clusters were kept in Petri Ò dishes on moistened filter paper. Microspores from all species were at the uninucleate stage (confirmed by DAPI staining). Approximately 500 mg of fresh weight was collected for each sample. All material was kept on ice during anther dissection and then freeze-dried. Buds required for the osmotic shock treatment were sterilized with 2 % buffered bleach solution for 20 min, rinsed three times with sterile water, and anthers removed under sterile conditions ).
Stress treatments
Stress treatments for chickpea were applied according to Grewal et al. (2009) and for field pea according to Ochatt et al. (2009) , except that the cold treatment of buds lasted 7 days (cold control) and the osmotic shock treatment was reduced from 7 days to 3. For the control treatments, anthers were dissected out and immediately frozen at -80°C and later dried. For all other stress treatments, flower buds were kept at 4°C for 3 or 7 days and then the anthers dissected out.
Pea anthers were transferred to a 0.2-cm cuvette with 1 mL HSO-17 % sucrose, followed by centrifugation at 4°C (168g for 10 min), or electroporation using 2,500 V/cm, 50 X, and 100 lF, or sonication (S) with 42 kHz for 30 s (Branson Ultrasonic cleaners Ò Model 2510), or kept in osmotic shock medium (30 anthers in 6 mL HSO-17 % sucrose), or a combination thereof as described in Ochatt et al. (2009) and Ribalta et al. (2012) .
Chickpea anthers were first transferred to a 0.4 cm electroporation cuvette filled with 1 mL RM-IK17 (containing 22.83 lM IAA and 1.86 lM kinetin) and then either centrifuged (C) in an ICE Centra CL-2 centrifuge for 10 min at 168 g, or electroporated (E) with 1,250 V/cm, 25 X, and 25 lF using three pulses, or kept in the same RM-IK17 medium for 4 days (O), or a combination thereof Grewal et al. 2009 for details) .
Preliminary experiments showed that stress treatments similar to those for pea and chickpea were lethal to lentil microspore viability. Hence, only treatments that had confirmed microspore survival in preliminary experiments were selected for hormone profiling. After dissection, lentil anthers were either centrifuged at 168g for 3 min, or electroporated with 625 V/cm, 25 X, and 25 lF, or treated with osmotic shock (500 anthers per plate with 4.5 mL modified B5 medium plus 9 % sucrose), or kept for 3 or 7 days in cold, or a combination thereof (O ? 3 days cold, E ? O ? 3 days cold, C ? O ? 3 days cold).
Hormone analysis
Quantification of ABA, cytokinins, auxins, and GAs in control and stressed chickpea, field pea, and lentil anthers was conducted at the Plant Biotechnology Institute of the National Research Council of Canada by ultra-performance liquid chromatography-electrospray tandem mass spectrometry (UPLC-ESI-MS/MS) (http://www.nrc-cnrc.gc.ca/ eng/facilities/pbi/plant-hormone.html). Hormones quantified included (1) ABA and ABA metabolites [cis and trans abscisic acid (ABA), phaseic acid (PA), dihydrophaseic acid (DPA), 7 0 -hydroxy ABA, neo-phaseic acid (neo-PA), abscisic acid glucose ester (ABA-GE)]; (2) auxins [indole-3-acetic acid (IAA), indole-3-butyric acid (IBA), indole-3-acetic acid aspartate (IAA-Asp), indole-3-acetic acid glutamate (IAA-Glu), N-(indole-3-yl-acetyl)-alanine (IAA-Ala), N-(indole-3-yl-acetyl)-leucine (IAA-Leu)]; (3) cytokinins [cis and trans zeatin (cZ, tZ), cis and trans zeatin riboside (cZR, tZR), cis and trans zeatin-O-glucoside (ZOG), dihydrozeatin (dhZ), dihydrozeatin riboside (dhZR), isopentenyl adenine (2iP), isopentenyl adenosine (iPA)]; and (4) gibberellins (GA1, 3, 4, 7, 8, 9, 19, 20, 24, 29, 34, 44, 51, and 53) . Deuterated forms of the hormones were used as internal standards and either synthesized according to Abrams et al. (2003) and Zaharia et al. (2005) 
6 -iPA and d 6 -2iP), or the Research School of Chemistry, Australian National University (Canberra, Australia, d 2 -GAs 1, 3, 4, 7, 8, 9, 19, 20, 24, 29, 34, 44, 51, and 53) . Sample extraction and purification were performed following the method described in Chiwocha et al. (2003 Chiwocha et al. ( , 2005 , to which improvements were made (Han et al., unpublished) .
The UPLC/ESI-MS/MS utilized a Waters ACQUITY UPLC system equipped with a binary solvent delivery manager and a sample manager coupled to a Waters Micromass Quattro Premier XE quadruple tandem mass spectrometer via a Z-spray interface. MassLynx TM and QuanLynx TM (Micromass, Manchester, UK) were used for data acquisition and data analysis. The procedure for quantification of multiple hormones has been described in detail by Chiwocha et al. (2003 Chiwocha et al. ( , 2005 . Samples were injected onto an ACQUITY UPLC Ò HSS C18 SB column (2.1 9 100 mm, 1.8 lm) with an in-line filter and separated by a gradient elution of water containing 0.02 % formic acid against an increasing percentage of a mixture of acetonitrile and methanol (volume ratio, 50:50) . Briefly, the analysis utilizes the Multiple Reaction Monitoring (MRM) function of the MassLynx v4.1 (Waters Inc) control software. The resulting chromatographic traces are quantified off-line by QuanLynx v4.1 software (Waters Inc), wherein each trace is integrated and the resulting ratio of signals (non-deuterated/internal standard) is compared with a previously constructed calibration curve to yield the amount of analyte present. Calibration curves were generated from the MRM signals obtained from standard solutions based on the ratio of the chromatographic peak area for each analyte to that of the corresponding internal standard, as described by Ross et al. (2004) . Quality control samples, internal standard blanks, and solvent blanks were also prepared and analyzed along with each batch of tissue samples.
Statistical analysis
Experiments were replicated three times unless otherwise indicated. Data represent means ± standard errors (SE) and are reported in nM g -1 dry weight (DW).
Results
Field pea (Pisum sativum L.) var. CDC April and Frisson
In both CDC April and Frisson, ABA concentrations were highest in control anthers at 2.1 and 2.6 nM g -1 DW, respectively, as all stress treatments reduced ABA content ( Table 1 ). The combination of cold and centrifugation increased t-ABA levels in CDC April, whereas this isomer increased in Frisson after cold alone as well as combinations of cold and electroporation, centrifugation, and/or sonication. The presence of high levels of DPA and PA in both species indicates that a rapid breakdown of ABA takes place via the 8 0 -hydroxylation pathway. In CDC April, DPA spiked at 131.0 nM g -1 DW when no stress was applied (control), whereas PA peaked at 173.2 nM g -1 DW after cold stress. In Frisson, the highest PA level (189.1 nM g -1 DW) was measured in control anthers and the highest DPA level (51.2 nM g -1 DW) in the cold plus centrifugation treatment. neo-PA levels were highest in the control treatment of both varieties, but levels indicate that they played only a minor role. Values of 7 0 OH-ABA and ABA-GE for both varieties were near detection limits and thus are likely of little significance to the androgenesis process. However, treatments involving osmotic shock affected both species differently than other treatments, with ABA and its catabolites attaining very low values especially for the combination of cold ? C ? E ? S ? O (Table 1) .
The auxin IBA was not detected in any treatment group for either field pea variety (data not shown). The IAA concentration of CDC April was 1.6 nM g -1 DW for both control and cold-treated anthers (Table 2 ). This concentration increased about five times after the cold plus centrifugation treatment; other stress treatments only slightly raised IAA levels compared to the control. IAA-Asp content increased after application of most stresses, with the highest value of 42.7 nM g -1 DW attained after the cold ? C ? E treatment. However, combining the different stresses with osmotic shock treatment (cold ? E ? C ? S ? O) led to very low levels of IAA (4.0 nM g -1 DW) and its catabolites (Table 2) . IAA-Glu, another auxin catabolite, was only detected in small amounts whereas the reversible IAA storage forms, IAA-Ala and IAA-Leu, were either not present or only detected in minute amounts close to detection levels. The IAA concentration of var. Frisson was generally lower than for CDC April (Table 2) . Compared to control anthers, centrifugation only resulted in a three times increase in the IAA concentration in Frisson as compared to the larger increase in CDC April, indicating that these two genotypes respond somewhat differently to this stress. IAA-Leu and IAA-Ala were not detected in Frisson samples. Frisson also displayed very high concentrations (up to 45.7 nM g -1 DW) of IAA-Asp in response to the various stress treatments; the exception was those involving osmotic shock, which, similar to CDC April, reduced the content of auxin and its catabolites to control levels ( Table 2 ).
The free base bioactive cytokinins, tZ, cZ, and dhZ, were either not detected or present in very low concentrations in anthers of both field pea varieties; the major forms present were cZR, iPA, and 2iP (Table 3 ). The cis isomer of ZR spiked to 1.8 nM g -1 DW in the centrifugation treatment of CDC April. Compared to the control, cZR was significantly higher in Frisson after application of cold, C, E, and S stress treatments but the difference among the stress treatments was minor. In CDC April, the 2iP concentrations were lower after the cold, C, E, and S stress treatments (0.5-0.7 nM g -1 DW) compared to the control (0.9 nM g -1 DW); concentrations were similar or slightly higher in Frisson. The osmotic shock treatment again Table 3 Content of cytokinin and its metabolites in nM g reduced the different cytokinin forms to very low levels in both varieties (Table 3) . No bioactive gibberellins (GA 1 , GA 3 , GA 4 , and GA 7 ) were detected in pea anthers of either variety (data not shown), only precursors (GA 9 , GA 19 , GA 20 , GA 24 , GA 34 , GA 44 , and GA 53 ) and catabolites (GA 8 , GA 29 and GA 51 ). Pea varieties contained GA precursors for both the early-13-hydroxylation pathway (GA 19 , GA 20 , GA 44 , and GA 53 are precursors for GA 1 ) and the non-13-hydroxylation pathway (GA 9 and GA 24 are precursors for GA 4 ). Control anthers contained the widest variety of gibberellins (Table 4) . After the various stress treatments, GA 19 was the major component in both varieties with concentrations in CDC April of 2.0 nM g -1 DW in the cold ? S treatment and in Frisson of 1.9 nM in the cold and 1.8 nM g -1 DW in the cold ? E treatments. Similar to the other hormones, the osmotic shock treatment reduced the concentration of this hormone group to minute or undetectable amounts (Table 4) .
Chickpea (Cicer arietinum L.) var. CDC Xena
The ABA content of control anthers (10.4 nM g -1 DW) was significantly higher than concentrations after any of the different stress treatments. Application of a 3-day cold treatment to flower buds reduced ABA concentration by about 50 % (Table 1) . Both centrifugation and electroporation further reduced ABA content. Compared to field pea, DPA levels of cold-treated anthers were much lower and reached only a maximum of 6.3 nM g -1 DW. PA concentrations in control and cold-treated anthers were also lower with maximum values of 26.1 and 21.3 nM g -1 DW, respectively. However, the combination of cold with either centrifugation or electroporation resulted in very high PA levels of more than 100 nM and moderate DPA concentrations (Table 1) . The various stressors combined with osmotic shock reduced ABA and its metabolites to very low levels (Table 1) .
Control anthers contained on average only 0.6 nM g -1 DW IAA as well as 0.07 nM g -1 DW of IAA-Asp. The IAA storage forms, IAA-Ala and IAA-Leu, as well as the conjugate IAA-Glu were not detected (Table 2) . Three days of cold treatment of buds slightly reduced the auxin content. In contrast to field pea, the medium employed during centrifugation, electroporation, and osmotic shock treatments contained 22.83 lM IAA. Centrifugation increased the IAA concentration about 9 times to 5.6 nM g -1 DW. Similarly, the electroporation treatment also led to an increased IAA concentration (3.4 nM g -1 DW). Even though these stresses increased IAA levels, the IAA-Asp levels only increased slightly; this is likely due to the short exposure time. If the anthers were kept on osmotic shock medium for 4 days subsequent to cold treatment, the IAA concentration increased to 3.3 nM g -1 DW. The cold ? C ? O treatment (5.1 nM g -1 DW) did not differ significantly from the cold ? O treatment. However, the osmotic shock caused extremely large spikes ([1,000 nM g -1 DW) of IAA-Asp, which is *30 times more than that measured in pea. Some of this excess auxin was stored as IAA-Ala as an accessible form or further metabolized to IAA-Glu.
The major bioactive forms of cytokinin detected in chickpea control anthers were tZR, cZR, and iPA at levels of 1.2, 0.8, and 0.4 nM g -1 DW, respectively (Table 3 ). The medium contained 1.86 lM kinetin during the centrifugation, electroporation, and osmotic shock treatments. Centrifugation and electroporation of anthers led to a temporary increase in cZR (2.9 and 3.1 nM g -1 DW) and iPA (0.9 nM g -1 DW) but not tZR (0.6 and 0.5 nM g -1 DW). In contrast, cytokinin content of anthers exposed to osmotic stress declined significantly; only cZR and a small amount of 2iP in the cold ? E ? O treatment were detected even though the exposure to kinetin was over a 4-day period (Table 3) . Similar to field pea, none of the biologically active forms of gibberellin were detected in chickpea in control anthers or after any of the stress treatments (data not shown). However, the GA 1 precursors GA 53 , GA 20 , GA 19 , and GA 9 of the 13-hydroxylation pathway were present as well as the catabolite GA 29 (Table 4) . GA content peaked in control anthers at 1.8 nM GA 8 and 2.6 nM GA 20 g -1 DW, whereas GA 19 and GA 29 increased slightly after the cold treatment. The osmotic stress treatment reduced levels of this hormone group to below detection, with the exception of GA 19 still present in very small amounts (Table 4) .
Lentil (Lens culinaris Medik.) var. CDC Maxim
Lentil treatments included cold storage of buds for 3 or 7 days, osmotic shock of anthers for 3 days at 4°C, electroporation of anthers followed by osmotic shock for 3 days at 4°C, and centrifugation of anthers followed by osmotic shock for 3 days at 4°C. No growth regulators were applied during stress treatments. Control anthers contained 1.1 nM g -1 DW ABA. The lowest ABA concentration (0.4 nM g -1 DW) was observed in the 7-day cold treatment and the highest levels ([1.3 nM g -1 DW) after the osmotic shock treatments (Table 1) ; this is in contrast to pea and chickpea where osmotic shock resulted in the lowest ABA levels. Control anthers contained high levels of PA (182.6 nM g -1 DW) similar to pea var. Frisson. The 3-day cold treatment more than halved this amount, but even lower levels (30.1 nM g -1 DW) were achieved in the 7-day cold and the osmotic shock treatments. Peak DPA concentrations were found in the 3-day Table 4 Content of gibberellin and its metabolites in nM g cold treatment followed by the control. However, the osmotic shock treatments in conjunction with cold did not reduce ABA or PA and DPA concentrations to the levels observed in the other two pulses (Table 1) . The IAA content of control anthers was 1.0 nM g -1 DW, which increased to 3.1 nM g -1 DW after the 7-day cold treatment (Table 2 ). This concentration was higher than the IAA content for var. Frisson but lower than the maximum value for the cold ? C treatment of var. CDC April. The major difference between lentil and the other two pulses was in the IAA-Asp content. IAA-Asp only reached a maximum concentration of 1.3 nM g -1 DW in the control and the 7-day cold treatment (Table 2) , whereas the other species achieved much higher values ([40 nM for pea; 1,200 nM g -1 DW for chickpea). Similar to pea and chickpea, the major cytokinins in lentil anthers were cZR, 2iP, and iPA, with the highest concentrations in the 3-day cold treatment and in the control (Table 3 ). The osmotic shock treatments reduced cytokinin content to levels similar to that of pea and chickpea.
Eight different kinds of gibberellins were detected in lentil anthers but, similar to pea and chickpea, no bioactive forms were found. The control anthers contained the highest amounts of GA 8 and GA 29 , which are GA 1 catabolites (Table 4) . GA 44 and GA 19 , both precursors of GA 1 , were also detected. The 7-day cold and osmotic shock treatments reduced GA content to low levels (Table 4 ) similar to pea and chickpea.
Discussion
Our investigation showed that androgenesis in legumes is mediated via phytohormones and that auxin plays a major role in this process after application of different stresses. Androgenesis-inducing stress treatments caused a greater proportional increase in active auxins compared to all other hormones measured in all species tested. Specifically, osmotic shock causes the proportional increase in IAA for pea var. Frisson, while a pyramiding of stress treatments and osmotic shock were required to achieve the same proportions in pea var. CDC April and chickpea var. CDC Xena. This also holds true for lentil var. CDC Maxim, except the proportional difference was 2-3 times lower and appeared to be caused by 7 days at 4°C. Pea var. CDC April has a greater amount of IAA/ABA than all other pulses tested with pyramiding treatments. Although the spike in active auxin versus ABA levels was the greatest in CDC April, this trend is seen in all other genotypes and indicates that auxin may be more important than ABA for triggering androgenesis in legumes. Auxin is involved in many plant growth functions including flowering and fertilization (Aloni et al. 2006; Hirano et al. 2008; Tromas and Perrot-Rechenmann 2010; Zhao 2010) . Tanaka (1973) was the first to report that centrifugation of tobacco anthers in the presence of IAA improved androgenesis induction. In contrast, Sangwan-Norreel (1977) found a positive effect of centrifugation without the addition of hormones to Datura innoxia anthers. The requirement for exogenous auxin during centrifugation thus appears to be speciesdependent.
The major hormone in the two responsive legumes was the IAA conjugate, IAA-Asp. Anthers of both pea and especially chickpea contained extremely high concentrations of IAA-Asp after cold, centrifugation, electroporation, sonication, or osmotic stress; in contrast, the recalcitrant lentil had no such peaks and the maximum concentration of IAA-Asp was considerably lower (Table 2 ). This huge concentration difference might be related to the lack of response of lentil to androgenesis induction. Whether the increase in IAA-Asp seen in anthers of legumes is due to an increased breakdown of IAA or to an increased need for IAA-Asp for some unknown function is not clear. Most authors consider IAA-Asp a degradation product of IAA; thus, an increase in the metabolites going through the tryptophan-dependent pathway will trigger a corresponding increase in IAA degradation products (Normanly et al. 1995) . The various stresses applied to pea and chickpea might have caused IAA spikes, which quickly degrade causing IAA-Asp spikes. In contrast, several authors suggest that IAA-Asp is biologically active and its function more complex than merely a mechanism for removal of free IAA (Böttcher et al. 2010; Oetiker and Aeschbacher 1997) . The GH3 protein catalyzes the conjugation of IAA to IAA-Asp. GH3-mediated auxin homeostasis might have a role in a plant's response to stress and be necessary for re-allocation of resources for survival (Ghanashyam and Jain 2009; Park et al. 2007; Simon and Petrášek 2011) . Ostrowski and Jakubowska (2011) found this enzyme most active in the early stages of pea seed development (5 mm stage), implying a potential need for IAA-Asp. High concentrations of IAA-Asp (3,231 pM g -1 FW) are found in mature anthers of rice (Hirano et al. 2008 ), connected to ripening in grape and tomato, and linked to temperature sensitivity in cell cultures of henbane (Böttcher et al. 2010; Oetiker and Aeschbacher 1997) . Similarly, Sasaki et al. (1994) showed that embryogenic carrot cells not only have 15 times more IAA, but also increased IAA-Asp, whereas non-embryogenic cells have Ox-IAA-Asp (oxindole-3-acetylaspartic acid), a potential degradation product of IAA-Asp.
The chlorinated auxin, 4-Cl-IAA, could not be investigated because this analysis was not available at the time of this study. However, the IAA-Asp production in field pea could be linked to this potent hormone, which is present in pea fruits with a unique mode of action (Engvild et al. 1981; Park et al. 2010 ). Its biosynthesis is independent of IAA and has a higher activity in pea, which may be linked to increased stability (DeMason and Polowick 2009; Simon and Petrášek 2011) . 4-Cl-IAA may also be present in lentil but has not been reported in chickpea (Engvild et al. 1981; Reinecke 1999) .
The concentration of ABA and its catabolites spiked in control and cold-treated anthers and decreased after osmotic shock treatment in the three legume species investigated (Table 1) . Cold pre-treatment was similarly found to be beneficial for barley (Hordeum vulgare L.), tobacco (Nicotiana tabacum L), or triticale (9Triticose-cale) androgenesis due to improved microspore viability and increased response (Imamura and Harada 1980; van Bergen et al. 1999; Wang et al. 1999; _ Zur et al. 2008 ). However, pyramiding other stresses such as centrifugation or electroporation on top of the cold stress did not increase ABA levels, indicating no additive effect of the different treatments. In contrast, osmotic shock treatment reduced ABA and catabolite content to very low levels, especially in the combined cold ? C ? E ? S ? O treatment in pea and cold ? C ? E ? O treatment in chickpea.
The predominant cytokinin in all three legumes was cZR, but chickpea also responded with higher iPA concentrations and both pea varieties showed increases in 2iP after some stresses (Table 3) . Studies on embryogenesis indicate that cis-isomers predominate during pea and chickpea seed development, especially during the heartshaped embryo stage (Emery et al. 1998; Quesnelle and Emery 2007) . No information is available on the active cytokinin forms in lentil. Trans isomers are thought to be biologically more active (Sakakibara 2006; Werner and Schmülling 2009); however, Quesnelle and Emery (2007) showed that pea embryos could grow equally well with either cis or trans zeatin, indicating that cZ or its riboside are active cytokinins in this species. The highest cZR concentration occurred after application of the centrifugation and electroporation stresses in pea and chickpea but in the control and 3-day cold-treated lentil. Tret'yakova et al. (2009) found that the total cytokinin content increased almost twofold from 284 to 1,324 ng g -1 DW in androgenetic callus of larch (Larix sibirica Ledeb.). In our experiments, osmotic shock treatment reduced cytokinin content to very low levels (Table 3) . Sáenz et al. (2010) reported that the total cytokinin content in coconut (Cococ nucifera L.) was lower in embryogenic compare to nonembryogenic callus. Hence, the effect of the osmotic shock treatment in reducing hormone content might be of significance in the induction process. In contrast to IAA, the exogenously supplied kinetin present during the 4-day osmotic shock treatment of chickpea anthers but did not result in increased cytokinin levels (Table 3) even though this hormone is rapidly metabolized (Sakakibara 2006) .
Although gibberellins are required for normal pollen, anther, and seed development, a complete understanding of their specific function remains elusive (Swain and Singh 2005) . In our study, no bioactive GAs were found, even in the control anthers (Table 4) . Anthers might have been collected at a stage when GA content started to drop off or a dilution effect might have affected the measurement of GA levels in the anthers. However, it is more likely that the formation of GAs, hence the increase in precursors, was interrupted by triggering the stress reactions. Despite the need for this hormone immediately after fertilization (Alabadi et al. 2009; Dorcey et al. 2009 ), GAs suppress the embryogenic LEC (Leafy Cotyledon) transcription factor cascade that initiates embryogenesis. Thus, stresses that trigger androgenesis would not surprisingly decrease its presence. A plant's gibberellin levels are particularly controlled by the biosynthesis enzymes GA 20 -oxidase and GA 3 -oxidase and the catabolism enzyme GA 2 -oxidase (Fleet and Sun 2005) . Stress treatments that induce androgenesis could have suppressed the conversion of GA 19 to GA 20 or the production of the GA 20 -oxidase enzyme. However, this enzyme is also important in the formation of GA 19 from GA 53 and GA 44 . A similar effect was reported in wheat tissues, where the GA 19 intermediate had an especially low affinity for the GA 20 -oxidase enzyme and therefore tended to accumulate (Appleford et al. 2006) .
Osmotic shock treatment appears to induce different effects than the other stresses, as it reduced the content of ABA (except for non-responsive lentil), cytokinins, and gibberellins compared to control anthers. Similarly, IAA concentrations were lower for lentil and pea var. CDC April but in the latter species only the combined treatments could lower the IAA-Asp concentration. In contrast, IAA and IAA-Asp concentrations remained higher in pea var. Frisson and chickpea. The high concentration of IAA-Glu in chickpea indicates that the IAA concentration in the medium could be too high or the exposure to this hormone too long. If a short period of low hormone content is necessary for the switch from pollen development to embryo induction, it might be worthwhile investigating if a reduced IAA concentration in the medium or a secondary period of osmotic shock treatment without IAA would improve induction in this species.
Overall, androgenesis induction was successful for pea and chickpea but not for lentil. Our data show that this might be linked to auxin with possible involvement of IAA-Asp. The ratio between auxin and ABA also indicates that androgenesis in legumes has a greater auxin component than other species, especially cereals where increased androgenesis and somatic embryogenesis are related to increased ABA levels _ Zur et al. 2008 ). We are clearly only beginning to understand what governs androgenesis induction in legumes.
